Abstract. Long-term planning to prevent malaria epidemics requires in-depth understanding of immunity to Plasmodium falciparum in areas of unstable transmission. Cytokine responses to immunodominant epitope peptides from liver stage antigen 1 (LSA-1) and thrombospondin-related adhesive protein (TRAP) were evaluated over a nine-month interval in adults and children in Kenya from a malaria epidemic-prone highland area after several years of low transmission. The proportion and magnitude of interferon-gamma ELISPOT responses and the proportion of interleukin-10 responders to LSA-1 and TRAP peptides tended to be higher in adults than children. Frequencies of interferon-gamma responders to these peptides were similar at the two time points, but responses were not consistently generated by the same persons. These results suggest that T cell memory to pre-erythrocytic stage malaria antigens is maintained but may be unavailable for consistent detection in peripheral blood, and that these antigens induce both pro-inflammatory and anti-inflammatory cytokine responses in this population.
INTRODUCTION
Over the past two decades, Plasmodium falciparum malaria epidemics in the highlands of east Africa have occurred with increasing frequency, with 34 million persons estimated to be at risk. 1 Long-term planning to prevent malaria epidemics in areas of unstable transmission must include vaccine development, which requires an in-depth understanding of antimalarial immunity in these areas.
Pre-erythrocytic malaria vaccines have been tested in nonimmune and semi-immune populations living in malariaholoendemic areas. 2 Malaria vaccine trials typically use clinical and parasitologic endpoints to determine efficacy because these are relatively common events in holoendemic areas and can be easily measured in challenge studies in non-immune persons under controlled exposure conditions. Attempts to establish immunologic correlates of protection that could be used in lieu of clinical endpoints have yielded inconsistent results. 3 The inability to reach a consensus regarding immunologic correlates of protection against malaria may in part be caused by comparing responses generated in areas experiencing vastly different intensity of infections that could influence the development and maintenance of immunologic memory. The impact of concurrent asymptomatic malaria infections, parasite density, or reinfection genotype on malaria vaccine efficacy and the development of protective immunity have yet to be adequately addressed.
Those residing in malaria-holoendemic areas acquire antidisease and/or anti-parasite immunity with age and cumulative exposure. 4 The development of anti-malarial immunity in holoendemic areas may differ compared with areas with sporadic transmission where periods between malaria epidemics may span years. 5 Examining T cell immunity to pre-erythrocytic antigens during a prolonged period of low or absent transmission is an important step in understanding the development and maintenance of T cell memory against malaria.
The importance of cytokines in mediating resistance to preerythrocytic stage malaria infections has been demonstrated in mouse models 6 and in observational studies of humans living in areas with stable malaria transmission [7] [8] [9] [10] [11] or those vaccinated with irradiated-sporozoites. 12 To date, only one study has directly compared cytokine responses from a malaria-holoendemic area to those generated in a highland population, 13 and only one study has examined protective cytokine response to malaria pre-erythrocyte stage antigens in epidemic-prone populations.
14 These studies demonstrated that adults had more robust cytokine responses to pre-erythrocytic antigens compared with children and that age and malaria transmission influenced recall responses. To better understand the maintenance of T cell memory to pre-erythrocytic malaria antigens in a highland area of western Kenya during an extended period of extremely low malaria transmission, we conducted a repeat cross-sectional study with a sub-group analysis in a prospective adult cohort. Immunogenic liver stage antigen 1 (LSA-1) and thrombospondin-related adhesive protein (TRAP) peptides were evaluated at two time points over a nine-month interval by interferon-gamma (IFN-γ) ELISPOT and interleukin-10 (IL-10) enzyme-linked immunosorbent assay (ELISA) for proportion, magnitude, and concordance of responders.
MATERIALS AND METHODS
Ethical review and informed consent. Review and approval of this study was obtained from the Ethical Review Committee for the Kenya Medical Research Institute (KEMRI) and the Institutional Review Board for Human Studies at University Hospitals of Cleveland, Case Western Reserve University (CWRU). Written informed consent was obtained from all participants ≥ 18 years of age and from guardians of participants younger than these ages.
Study population and surveillance for clinical malaria. Study participant recruitment was conducted in the sublocation of Kipsamoite, Nandi District, Rift Valley Province, Kenya, which is located in an epidemic-prone rural highland area with unstable malaria transmission. Altitude ranges from 1,910 meters to 2,154 meters. The de facto population in this study site was 3,200 persons. Immunologic measurements were conducted twice at a nine-month interval in asymptomatic persons. The first venous blood sample collection for immunologic studies was conducted in November 2000 and the second was conducted in August 2001. Study participants were enrolled at random with a subset re-captured during the second time point. Those enrolled in the immunologic studies were tested for P. falciparum malaria infection.
Malaria infection was diagnosed by microscopic inspection of thick and thin blood smears. Blood smears were prepared and stained with Giemsa, and slides examined by two experienced microscopists from the Division of Vector Borne Diseases of the Kenya Ministry of Health. A thick blood smear was considered negative when no parasites were observed after counting microscopic fields that included at least 200 leukocytes. The density of parasitemia was expressed as the number of asexual P. falciparum per microliter of blood assuming a leukocyte count of 8,000/μL.
Persons enrolled in the study in whom symptoms of malaria subsequently developed were asked to follow-up for evaluation and treatment of malaria at the local health center. Clinical malaria was defined as a having symptoms of malaria (history of fever, chills, headache, or severe malaise) accompanied by a positive blood stage infection by microscopy. A parasite density threshold was not used in our definition of clinical malaria because asymptomatic parasitemia is uncommon in this highland area. 15 All persons with clinical malaria were treated according to Kenyan Ministry of Health guidelines (sulfadoxine/pyrimethamine at the time of this study). Pregnant women and anyone who had been treated for malaria two weeks prior to venous blood collections were excluded from the analysis. Chart review of all persons attending the Kipsamoite Health Center who were given a clinical diagnosis of malaria by the clinical officer over a 72-month period from 1996 through 2002 was also performed.
Blood sample collection and processing. Adult (≥ 18 years of age) study participants donated 12-16 mL of venous blood and children (2-9 years of age) donated 5 mL of blood collected in sodium-heparin tubes (BD BioScience, San Jose, CA) for immunologic studies. Blood was collected on slides for microscopic determination of P. falciparum and other human Plasmodium species infections. Samples were transported at room temperature and processed the same day at the CWRU-KEMRI laboratory in Kisumu, Kenya. Peripheral blood mononuclear cells (PBMC) were isolated by FicollHypaque density centrifugation then resuspended in complete RPMI 1640 medium containing 10% human AB serum, 10 mM L-glutamine, 10 μg/mL of gentamicin. Typical yields were 2 × 10 6 PBMC/mL of blood from children and 1 LSA-1 and TRAP peptides. Immunodominant LSA-1 and TRAP epitope peptides selected for this study had been previously shown to elicit both major histocompatibility complex (MHC) Class I and Class II T cell responses 6, 8, 16, 17 ( Table 1 ) , and selection of shorter peptides were further refined based on the MHC Class I molecular types present in our study population. 18 Peptides from LSA-1 and TRAP were synthesized using fluorenylmethyloxycarbonyl chemistry and purified by high-performance liquid chromatography to > 95% purity (Sigma Genosys, Gainesville, TX) for use in stimulation assays.
IFN-g ELISPOT and IL-10 ELISA. The IFN-γ ELISPOT was performed, as previously described, after PBMCs were cultured at 37°C in an atmosphere of 5% CO 2 for 5.5 days (approximately 132 hours). 8 The positive control was mitogen phytohemagglutinin (PHA) used at a concentration of 1 μg/ mL. The negative control was phosphate-buffered saline (PBS). Plates were scanned using C. T. L. ImmunoSpot Scanning and Imaging Software Version 5.0 (Cellular Technology Ltd., Shaker Heights, OH) to count the number of spot-forming units (SFU) per well. Results are expressed as SFU per 10 6 PBMC. Persons without PHA responses were excluded from the analysis (n = 28). An IFN-γ ELISPOT result was considered positive if the proportion of SFU in the stimulated well was significantly greater than that of the unstimulated background well ( P < 0.05). The significance test was a chisquare comparison of two proportions adjusting for small sample size and assuming Poisson distribution.
The IL-10 responses were generated as previously described 8 after stimulating 2 × 10 5 PBMC/well with malaria peptides, PHA, or PBS. Cultures were incubated at 37°C in an atmosphere of 5% CO 2 for 5.5 days (approximately 132 hours). Supernatants were collected and frozen at -20°C until IL-10 ELISAs were performed. Optical densities were measured at 405 nm using an OpsysMR™ Microplate Reader and analyzed using Revelation QuickLink software, version 4.04 (Dynex Technologies, Chantilly, VA). Cytokine values for the unstimulated background wells were subtracted from the stimulated wells to give a net response.
Malaria peptides were tested for IFN-γ and IL-10 responses under the same incubation conditions described above using PBMC obtained from malaria non-exposed control study participants in Cleveland, Ohio. None of the malaria-naive study participants generated an IFN-γ in response to malaria peptides. A pool of EBV peptides was used as positive 9-mer peptide controls and positive responses were observed in the both the malaria-exposed and malaria-naive volunteers. The cutoff value for a positive IL-10 response to a malaria peptide by study participants from Kenya was defined as greater than the mean plus 2 standard deviations of the values of malariaunexposed controls. If no response above baseline was seen in negative control subjects, a cut-off value of 20 pg/mL was used. For the malaria peptides tested, cut-off values were T3, 20 pg/mL; ls84, 85 pg/mL; ls94, 43 pg/mL; ls1881, 51 pg/mL; and tr539, tr51, and tp6, 20 pg/mL. Statistical analysis. A chi-square test of homogeneity was used to determine whether the proportion of children with IFN-γ and IL-10 responses were significantly different than that of the adults. A two-sided Wilcoxon (Mann-Whitney) rank sum test was used to determine whether one group had a lower IFN-γ precursor frequency or lower mean IL-10 response than another group. The correlation between responses to both cytokines was assessed by Spearman rank test. A chi-square test of homogeneity was used to determine whether the proportion of persons with cytokine responses was significantly different between time points. All analyses were conducted in SAS version 8.2 (SAS Institute, Carey, NC) or SPSS version 14.0 (SPSS Inc., Chicago, IL).
RESULTS
Cases of malaria and parasitemia prevalence in the highlands. To establish that Kipsamoite experienced unstable malaria transmission, data on all patients presenting to the Kipsamoite Health Center from January 1996 through 2002 who were given a diagnosis of malaria either confirmed by microscopy or when microscopy was unavailable defined by clinical signs and symptoms (i.e., fever, headaches, chills, and severe malaise in the absence of an alternative clinical diagnosis) were collected ( Figure 1 ). These data demonstrate that malaria transmission in this highland area was sporadic with epidemics in February and August 1998, more than two years prior to the first immunologic study conducted in November 2000. There was no indication of an epidemic in the nine-month period that encompassed both collections (November 2000-August 2001), although the monthly number of malaria cases had increased by August 2001 ( Figure 1 ). The prevalence of asymptomatic P. falciparum parasitemia among study participants was 3.1% (5 of 159) in the first collection and 1.3% (3 of 232) in the second collection. Malaria cases were seen in low numbers in the years after the epidemics of 1997 and 1998, but were never completely absent from the area ( Figure 1 ) , and asymptomatic parasitemia in this period was also infrequent.
15
IFN-g ELISPOT responses to pre-erythrocytic malaria peptides. To characterize immune responses to pre-erythrocyte stage malaria antigens (i.e., LSA-1 and TRAP) in this study population, we first compared the proportion of children and adults with IFN-γ ELISPOT responses at each time point ( Table 2 ) . At first collection, the proportion of adults with IFN-γ responses to LSA-1 peptides tended to be higher than for children. This was not the case for the TRAP peptides tested. Differences that reached significance were IFN-γ responses to LSA-1 peptides ls94 (11% of children compared with 32% of adults; P = 0.017) and T3 (8% of children and 31% of adults; P = 0.008). However, during the second time point, almost three years after the last malaria epidemic, significantly fewer children had IFN-γ responses to all LSA-1 and TRAP peptides tested compared with adults ( Table 2 ) .
To determine if IFN-γ responses differed over time within each age cohort, we compared the proportion of responders to each peptide ( Table 2 ). The proportion of adults or children with IFN-γ responses did not significantly differ over time to any of the peptides tested with the exception of more adults responding to one TRAP peptide, tr539, at the second time point (14% versus 28%; P = 0.04). The cross-sectional frequency of IFN-γ responses was consistent over time for each age group. However, there was a non-significant trend for fewer children to respond to LSA-1 peptides at the second time point, rendering the difference observed between adults and children over time greater. There was no significant difference between cytokine responses of persons observed once or multiple times.
We then compared the magnitude of IFN-γ response for each peptide to determine if adults had a stronger response compared with children. The ELISPOTs not only determined who was responding but the magnitude of that response. This was ascertained by counting the number of SFU, which indicates how many cells are secreting IFN-γ. For this assessment, we combined positive responders from both time points because there was no significant difference in magnitude of responses between time points. Overall, adults had a significantly greater number of IFN-γ−secreting cells to all peptides compared with children ( P < 0.0001). When examining each peptide ( Figure 2 ), adults had significantly higher median IFN-γ levels compared with children for ls94 ( P = 0.013), tr51 ( P = 0.021), tr539 ( P = 0.026), and tp6 ( P = 0.038). The magnitude of IFN-γ ELISPOT responses did not differ significantly for ls84, ls1881, or T3 when comparing children with adults.
IL-10 ELISA responses to pre-erythrocytic malaria peptides. To further characterize immune responses to pre-erythrocytic stage malaria peptides, we compared IL-10 responses between adults and children. Of those enrolled, after plating PBMC for IFN-γ ELISPOT assays, sufficient PBMC remained for parallel peptide stimulation and to perform IL-10 ELISAs on supernatants from 63 adults and 19 children during the first collection and on supernatants from 72 adults and 47 children during the second collection ( Table 3 ) . The IL-10 responses tended to be less frequent for children than adults, but this difference reached significance only at the second time point for ls84 (3% versus 27%; P = 0.008) and tr51 (4% versus 22%; P = 0.008). When IL-10 responses were compared over time within each group, adults had significantly fewer responders at the second collection for the longer LSA-1 peptide, T3 (17-36%, P = 0.012). Otherwise, IL-10 responses did not significantly change over time within each age group, and there was no significant difference between cytokine responses of persons observed once or multiple times. Comparison of the magnitude of IL-10 ELISA responses between adults and children did not show a significant difference. The range of IL-10 responses for any malaria peptide was 90-200 pg/mL.
Stability of cytokine responses to pre-erythrocytic stage malaria peptides in adults. The concordance of IFN-γ responses to LSA-1 and TRAP peptides over time was assessed in F igure 2. Magnitude of interferon-gamma (IFN-γ) ELISPOT responses to liver stage antigen 1 (LSA-1) and thrombospondinrelated adhesive protein (TRAP) peptides for adults and children. Box plot distribution of the number of IFN-γ spot-forming units (SFU) per million peripheral blood mononuclear cells (PBMC) minus the phosphate-buffered saline (PBS) background (range = 0-5 SFU per well) for each peptide tested in adults and children with positive responses at either time point (because there was no significant difference in magnitude of response between time points, results were combined). Adults had significantly higher median IFN-γ levels compared with children for ls94 ( P = 0.013), tr51 ( P = 0.021), tr539 ( P = 0.026), and tp6 ( P = 0.038). The magnitude of IFN-γ ELISPOT responses did not significantly differ for ls84, ls1881 or T3 when comparing children with adults. Circles represent outliers above the 95th percentile and asterisks are extreme points ≥ 99th percentile. * IFN-γ = interferon-gamma; LSA-1 = liver stage antigen 1; TRAP = thrombospondin-related adhesive protein; ND = not done. A total of 93 adults and 66 children were enrolled in the first collection, of whom adequate cells were available for IFN-γ ELISPOT testing in 88 adults and 36 children. During the second collection, 114 adults and 119 children were enrolled, of whom of whom adequate cells were available for IFN-γ ELISPOT testing in 98 adults and 74 children. In some persons, there were insufficient peripheral blood mononuclear cells to test all antigen stimulation conditions, which was reflected accordingly in the denominator.
† P < 0.05 is significant.
the subset of adults who were tested at both time points (54 adults). Stability of malaria-peptide specific cytokine response was determined using IFN-γ ELISPOT results for adults only because children had an overall decrease in responses over time, as shown in Table 2 , and the low number of repeat observations among this age group ( N = 28). IL-10 responses were too infrequent to determine stability by this method. Therefore, of the 54 adults tested at both time points, 39 had adequate cells and/or PHA responses to provide interpretable IFN-γ response results. The proportion of responders for each peptide in this subset of adults was similar to that reported for the entire adult group. Among those evaluated at both time points, persons were categorized as responders if they had an IFN-γ response at both time points. If they only responded during the first collection, they were considered to have lost their response if they failed to respond during the second collection. Conversely, those who did not respond during the first collection but did during the second collection were categorized as those who gained a response. Stability of IFN-γ responses for all pre-erythrocytic peptides tested is summarized in Table 4 . As would be expected with an overall increase in the proportion of responders for tr539 as seen in Table 2 , 27% gained a response when assessing concordance. However, for those peptides that elicited the same proportion of responders at each time point, most of such responses were not generated by the same persons. For example, 28% of the adults had an IFN-γ response to ls84 during the first time point and 27% had a response to the same peptide nine months later ( Table 2 ) . However, these responses were not generated by the same persons because only 8% maintained their response, 15% lost a response, and 23% gained a response. This instability of recall responses was observed for the other LSA-1 peptides and for one of the TRAP peptides (tr51).
DISCUSSION
Epidemiologic evidence suggests that the development of protective immunity to malaria under natural exposure conditions is dependent on age, intensity and duration of exposure. Studies of mice and humans vaccinated with pre-erythrocytic stage malaria antigens demonstrate that antigen-specific IFN-γ responses are associated with protection against challenge infection. [19] [20] [21] [22] However, studies of naturally infected humans show that malaria-specific IFN-γ and IL-10 responses to preerythrocyte stage antigens do not consistently correlate with protection 10, 14 and may be unstable and short-lived. 8, 9 The low IL-10 levels measured in our highland malaria population support conclusions presented by others suggesting that IL-10 plays a role in preventing malaria-associated pathology [23] [24] [25] [26] in contrast to preventing infections, which may explain in part why adults in epidemic-prone areas are susceptible to malariainduced morbidity. Apparent inconsistencies in these studies may be caused by differences in malaria exposure intensities or distinctions between infection status versus severity of disease. In keeping with this conundrum, effector and memory T able 3 Proportion of children and adults with IL-10 ELISA responses to LSA-1 and TRAP* * IL-10 = interleukin-10; ELISA = enzyme-linked immunosorbent assay; LSA-1 = liver stage antigen 1; TRAP = thrombospondin-related adhesive protein; ND = not done. A total of 93 adults and 66 children were enrolled in the first collection, of whom adequate cells were available after interferon-gamma (IFN-γ) ELISPOT for measuring, in parallel, IL-10 expression by ELISA in 63 adults and 19 children. During the second collection, 114 adults and 119 children were enrolled, of whom of whom adequate cells were available for antigen-specific IL-10 measurements in 72 adults and 47 children. In some persons, there were insufficient peripheral blood mononuclear cells to test all antigen stimulation conditions, which was reflected accordingly in the denominator.
† P < 0.05 is significant. In this prospective cohort study, we demonstrated that IFN-γ and IL-10 responses to LSA-1 and TRAP peptides can be recalled even after extended periods of low exposure to new malaria infections. These findings are consistent with our previous highland study of LSA-1 reporting similar age-dependent proportions of IFN-γ and IL-10 responders during the dry season.
14 The fact that the prevalence of IFN-γ responses did not wane but that responses were not stable in the same persons further suggests that T cell memory is induced but that the frequency of peptide-specific T cells may be too low to be consistently detectable and/or that memory T cells are sequestered in the lymph nodes awaiting recruitment into the periphery. Although there was no significant decrease in IFN-γ responses within age groups over time to any LSA-1 or TRAP peptide, there was a decrease from adults in IL-10 responses to LSA-1 peptide T3. This finding is consistent with that of our previous highland study, in which IL-10 responses to longer LSA-1 peptides decreased during a period of low transmission, 14 and suggests that IL-10 responses to pre-erythrocytic antigens may be less stable than IFN-γ responses. An alternate explanation could be the type of T cell (CD4 versus CD8) elicited by a longer peptide epitope, which may wane as antibodies develop. Our observation that LSA-1 and TRAP peptides stimulate different cytokine responses has implications for malaria vaccine development and immunogenic epitope selection. Differential cytokine expression upon stimulation with peptides to a malaria blood stage antigen, merozoite surface protein 1, 29 is consistent with our findings and supports the existence of functionally divergent or poly-functional malaria-specific T cell populations, as has been described in other infectious diseases. 30 Our findings that the cross-sectional prevalence of cytokine responses to LSA-1 or TRAP peptides in the study population is not generated by the same persons is consistent with the results of a similar study conducted in a nearby malaria holoendemic area. 8 If the two studies are compared, the proportion of highland adults with IFN-γ and IL-10 responses to LSA-1 and TRAP is similar to adults from the holoendemic area. However, the responses from highland children were significantly less frequent and less robust than responses from the children in the holoendemic area. The consistent finding of lower levels and frequencies of cytokine responses, particularly IFN-γ, to pre-erythrocytic antigens in children from areas of unstable transmission reinforces the premise that a threshold of exposure is required to induce a memory immune response. Curiously, the proportion and magnitude of cytokine responses was not greater for adults living in a malaria-holoendemic area than in a highland area, which suggests an upper threshold for the generation of these responses under natural exposure conditions. As a repeated cross-sectional design, this study does not have the benefit of individual follow-up. However, this design is likely to be the type of population survey relevant to vaccine studies and trials. The authors acknowledge that statistical assumptions of independence are violated when some persons are observed in both time points. Because of the small sample size of repeat observations, it was decided not to report paired analyses. However, the results in Tables 2 and 3 primarily demonstrated a greater effect among adults relative to children and were consistent across strata of observation frequency and paired samples described in Table 4 . Potential confounding factors such as bed net use and travel, which could affect risk of malaria and therefore immune response to malaria, were also not assessed, but in subsequent studies we have documented that these factors are infrequent in this population (John C, unpublished data). Another limitation of this study was insufficient resources to HLA genotype all our study participants and to directly assess HLA restriction of the epitope peptides used in our cytokine recall assays. One might argue that classifying peptides by HLA supertype families 31 might account for observed inconsistency in IFN-γ responses. However, IFN-γ recall instability was observed regardless of HLA affinity or CD4 compared with CD8 T cell response, making this an unlikely explanation for our findings. Given the breadth of Plasmodium epitopes presented to genetically variant host T cells, the challenge of consistently measuring such low frequency events remains.
Most malaria vaccines have been tested in either immunologically naive volunteers or residents of areas with some of the highest malaria transmission intensities in the world. 2 Thus, the findings from these studies may not apply to areas of unstable sporadic or highly seasonal transmission. In either vaccine-induced or naturally developed immunity, protection against malaria does not appear to be long lasting. The findings presented here demonstrate that even after prolonged periods of low malaria transmission, when the prevalence of P. falciparum blood stage infections was extremely low, cytokine responses to LSA-1 and TRAP remain detectable. The clinical significance of this finding is unclear because adults in this area have similar frequencies of IFN-γ responses to adults in areas of high transmission, yet adults in the highland area are far more susceptible to development of clinical malaria, as shown by the large number of these adults who developed clinical malaria during the malaria epidemic in 2002. 15, 32 The IFN-γ responses in children in this area were also consistently lower than in adults. Together, the findings suggest that T cell memory to pre-erythrocytic antigens may occur in adults even in areas of low transmission, but that these responses are infrequent in children. This study provides further support for the idea that age and intensity of natural exposure should be taken into account when testing malaria vaccines in malaria-endemic populations, as well as consideration for different mediators of protection against diseases and infection. 
